In an electric discharge Oxygen-Iodine laser (ElectricOIL), laser action at 1315 nm on the I( 2 P 1/2 ) → I( 2 P 3/2 ) transition of atomic iodine is obtained by a near resonant energy transfer from O 2 (a 1 Δ) which is produced using a low-pressure electric discharge. The discharge production of atomic oxygen, ozone, and other excited species adds higher levels of complexity to the post-discharge kinetics which are not encountered in a classic purely chemical O 2 (a 1 Δ) generation system. In this paper we present post-discharge modeling results obtained using a modified version of the Blaze-II chemical laser code. The effects of proposed chemical kinetic reactions on post discharge kinetics were studied and simulations were compared with experimental data. The modified Blaze-II code was used to study gain and power as a function of reactant mass flow rates. While agreement with experimental data was improved with the addition of new kinetics, there still appear to be significant kinetic and mixing mechanisms that are absent from the present model.
I. Introduction
HE classic chemical oxygen-iodine laser (COIL) system 1 operates on the I( 2 P 1/2 ) → I( 2 P 3/2 ) [hereafter denoted I * and I, respectively] electronic transition of the iodine atom at 1315 nm. The population inversion is produced by the near resonant energy transfer between the metastable excited singlet oxygen molecule, O 2 (a 1 Δ) [also denoted O 2 (a) hereafter], and the atomic iodine ground state. Conventionally, a two phase (gas-liquid) chemistry singlet oxygen generator (SOG) produces the O 2 (a). There are many system issues having to do with weight, safety and the ability to rapidly modulate the production of the O 2 (a) which have motivated investigations into methods to produce significant amounts of O 2 (a) using flowing electric discharges. Several investigations have been conducted into the possibility of a continuous flow hybrid electrically powered oxygen-iodine laser with electric discharges to produce the O 2 (a). [2] [3] [4] [5] [6] [7] These studies have shown that flowing electric discharges through oxygen containing mixtures, typically diluted with a rare gas, can produce useful quantities of O 2 (a). Recent studies have demonstrated O 2 (a) yields greater than 15% using electric discharges, 4, 5, 7 positive gain, [8] [9] [10] and cw laser power. 11 Several modeling studies 2, 5, 6, 12 have also been performed for ElectricOIL and similar systems. Since ElectricOIL development is impacted by an imperfect understanding of post-discharge physics, the Blaze-II chemical laser model 13 was improved to allow more extensive studies of ElectricOIL physics and laser performance. In this paper, we present the results of a study with an updated and more comprehensive reaction set than previously utilized. Simulations are compared with experimental data. Also presented is a study of laser gain and power as a function of reactant mass flow rates. [14] [15] [16] ! g = 7 12
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where
R is the universal gas constant (8.314 J/mole-°K), W is the molecular weight of Iodine (126.9 gm/mole), T is the temperature in °K, T ref is a reference temperature taken to be 295 °K, P is the pressure in Torr, x i is the mole fraction of species i, and the pressure broadening coefficients α i in MHz/Torr (referenced to 295°K) are 4.4, 10.5, 7.3, 6.2, 20.6, 3.6, 3.6, and 4.7 for I, I 2 , O 2 , Cl 2 , H 2 O, He, N 2 , and Ar, respectively.
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The Blaze-II code was originally written to model a gas laser in which reactants are injected at a single point. The Blaze-II code was modified to permit the injection of reactants at an arbitrary number of points at arbitrary locations. This modification allows the code to better model the current ElectricOIL system in which reactants are injected at as many as four positions. Automation was added to the code that allows large parametric studies to be input, completed, and reduced quickly. The optimization of the code was substantially improved in order to further reduce run times. Blaze-II COIL runs using a 33 reaction, 12 specie set had previously required ~30 CPU seconds on an IBM RS/6000 machine, 17 whereas current Blaze-II ElectricOIL runs using a 98 reaction, 27 specie set now requires ~2 CPU seconds on an Intel Pentium 4 machine, and only ~1 CPU second on an Macintosh G5. Code was added to automatically reduce calculation results from multiple cases in large studies. The improvements in optimization and automation have made it possible to complete and quickly analyze large parametric studies on the order of tens of thousands of cases.
The Blaze-II cases presented in this paper are based on a four section/injection-point ElectricOIL format, 9 the discharge output flow, NO 2 injection, I 2 injection, and tertiary diluent (Ar/N 2 ) injection, as shown in Fig. 1 . The flow tube is approximately 4.9 cm in diameter and exhausts through a Mach 2 nozzle. Simulations begin at the exit of the discharge, which is treated as the first reactant injection point, X = 0 cm. NO 2 is injected at X = 53 cm, an I 2 /He mixture is injected at X = 81.9 cm, Ar or N 2 is injected at X = 117.5 cm, and the nozzle throat is at X = 141.63 cm. The subsonic diagnostic port, hereafter referred to as the diagnostic port, is at X = 101.9 cm. Data showed that although atomic oxygen produced by the RF discharge plays a positive role in the chemistry of the laser by dissociating I 2 , it also plays a negative role by quenching I * . 9 In order to eliminate the negative effects of atomic oxygen, NO 2 was used to scavenge some of the O atoms upstream of the I 2 injection point, as shown in Fig. 1 . 9 As such, a numerical study was performed to determine if we could model the experimental O 2 (a), I * , and O 2 (b) concentrations, and gain data as a function of RF discharge power and NO 2 flow rate with the reaction set given in Table 1 . The calculations used molar flow rates of O 2 :He:I 2 = 4:16:0.008 mmol/s and were performed for RF discharge powers from 100 to 800 Watts (in 100 Watt increments), for each NO 2 flow rate of 0.0, 0.1, 0.2, 0.5, and 1.0 mmol/s, and are presented in Figs. 3-7 . The initial O 2 (a) yield at the exit of the discharge was determined from ElectricOIL O 2 (a) data 9 as a function of RF discharge power; this data had a peak O 2 (a) yield of 12% at 500 Watts of RF power and flow rates of O 2 :He = 4:16 mmol/s at the diagnostic port position. As discussed above, the O 2 (b) flow rate was approximately 1.8% of the O 2 (a) flow rate. 32 The data from Ref. 9 showed that the production of atomic oxygen in the discharge varied linearly with discharge power such that the atomic oxygen flow rate is approximately 7.5×10 -4 mmol/s per Watt of discharge power for these flow conditions. The total number of Blaze-II simulations performed for this set of simulations was 192 (including the modeling of the individual sections for each run). American Institute of Aeronautics and Astronautics
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The NO 2 flow rates used in ElectricOIL and Blaze-II ElectricOIL calculations are on the order of the O atom flow rate from the discharge. As a result, as discharge power and O atom production are varied as a function of discharge power for a given NO 2 flow rate in the calculations, the equivalence point between the discharge production of atomic oxygen, and titration by NO 2 may be crossed. Figure 7 illustrates the loss in concentration of O atoms as NO 2 is added to the flow. Note that there are very few O atoms predicted at the diagnostic port position for NO 2 flow rates of 0.5 and 1.0 mmol/s.
As discharge power is varied, a dramatic shift in the behavior of the model may be encountered as this equivalence point is crossed. For the cases plotted in Figs. 3 -6 with NO 2 flow rates less than or equal to 0.2 mmol/s, the discharge produced flow of O atoms is generally greater than the NO 2 flow rate for all simulated discharge powers. For cases with an NO 2 flow rate of 1.0 mmol/s, the discharge produced flow of O atoms is less than the NO 2 flow rate for all studied discharge powers. In cases with an NO 2 flow rate of 0.5 mmol/s, the discharge production of O atoms is less than the NO 2 flow rate for discharge powers less than or equal to 700 Watts. The equivalence point between the discharge production of atomic oxygen and the NO 2 flow rate is reached between 700 and 800 Watts of discharge power. This point is characterized by the sudden divergence of the behavior between the 0.5 mmol/s NO 2 cases and the 1.0 mmol/s NO 2 cases, Figs. 3 -6.
For comparative purposes, the corresponding experimental data from Ref. case. In particular the predicted curve is very weak relative to the predictions for the cases with I 2 and with NO 2 or 0.0, 0.1, and 0.2. This suggests that there may be too much O 2 (b) production predicted by the model in the presence of iodine. 4. The magnitude of the predicted gain (absorption) curves is too large. The most dramatic difference between the calculations and the data is the fact that the model does not predict the correct qualitative behavior for the high NO 2 flow rates of 0.5 and 1.0 mmol/s. As noted above, these situations have an NO 2 flow rate larger than the equivalence point for the quantity of atomic oxygen produced in the discharge (except for the NO 2 =0.5, 800 W RF power case). The data shown in Figs. 8 -11 suggest that significant quantities of I 2 is being dissociated for the NO 2 =0.5 mmol/s, RF power ≥ 300 W cases, and for NO 2 =1.0 mmol/s, RF power ≥ 400 W cases. Because O atoms are the fastest dissociation mechanism for I 2 , and because the character of the 0.5 and 1.0 mmol/s NO 2 calculations do not agree with data, we theorize that the concentration of atomic oxygen is not properly represented in these premixed calculations as a result of some or all of several possible factors:
1. All of these simulations were performed as premixed calculations where all injection positions were averaged into the flow discontinuously and the calculation then proceeded downstream as fully mixed. Physically, mixing effects may cause regions of the flow where a larger percentage of atomic oxygen produced in the discharge to remain unmixed in the downstream flow than in premixed calculations. 2. Uncertainties in kinetic rates may affect the downstream concentration of atomic oxygen or other species. 3. Experimental diagnostics measuring O atom concentration do not access the entire cross-section of the flow, which may not be fully mixed. There is at least a 15-20% error associated with the experimental atomic oxygen concentration data. American Institute of Aeronautics and Astronautics
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We believe that in an accurate mixing simulation, a more significant quantity of atomic oxygen produced by the discharge may remain in the flow for the requisite distance to interact with the I 2 , thus dissociating the I 2 even when there is a flow of NO 2 higher than the equivalence point. The mixing model is presently being updated to perform the multiple section calculations, so to test this theory using premixed calculations, the calculations were rerun with the discharge atomic oxygen yield increased by factors of 1.5, 2.0, and 3.0. Figures 12 -16 illustrate the 300% (factor of 3.0) O atom cases; the 300% cases provided the best agreement with experimental data of the cases run. Observe that most of the qualitative trends are represented in Figs. 12 -15 when compared with the data in Figs. 8 -11 . There are still some discrepancies between Figs. 12 -15 and 8 -11, but they are fewer than those shown in Figs. 3 -6 . The modeling will likely be improved by including mixing effects, better knowledge of kinetic rates, and a more accurate understanding of atomic oxygen and O 2 (b) yield from the electric discharge. Figure 16 shows the loss in concentration of O atoms as NO 2 is added to the flow for the 300% cases. It is seen that there are now significant quantities of O atoms predicted at the diagnostic port position for NO 2 flow rates of 0.5 and 1.0 mmol/s. Note also that for RF power levels at which O atom concentrations begin to rise significantly, that these points correspond to where significant quantities of I 2 are dissociated resulting in rapid (super-linear) . Experimental gain data from ElectricOIL at a subsonic diagnostic port vs. discharge power as a function of NO 2 flow rate. 9 changes in the I* (Fig. 13) , O 2 (b) (Fig. 14) , and the gain (Fig. 15) . The more gradual changes in I* and gain prior to having significant quantities of O atoms are believed to be the result of the slower O 2 (b) + I 2 → O 2 + 2I dissociation reaction (Table 1, reaction 18).
As discussed above, the NO 2 + O reaction is energetic enough to have branches to the O 2 (a) and O 2 (b) states as well as O 2 (X). The reaction NO 2 + O → O 2 (X 3 Σ, v≥0) + NO has been examined by Smith et al, 22 and the work of others is summarized in Atkinson et al. 21 The total reaction rate recommended in Atkinson 21 is 6.5×10 -12 exp(120/T). However, none have examined the branching fraction to O 2 (a) or O 2 (b). As such, a study was undertaken to determine if this possible set of branching reactions may be playing a role by comparing calculations made with various branching ratios to data for O 2 (a), I * , and O 2 (b) concentrations, and gain as a function of RF discharge power and NO 2 The flow conditions were the same as used above, but were performed for RF discharge powers from 5 to 800 Watts (in 5 Watt increments). A large amount of code automation was added to make this extensive study, and the total number of Blaze-II simulations performed for this matrix of simulations was over 100,000 (including the modeling of the individual sections for each run). With the improvements made to the code for optimization, this large study was performed on two PC platforms (one Pentium 4 and one Pentium 3) running simultaneously in a total of approximately 72 CPU hours. It was found that the nominal 100% branching ratio to the O 2 (X) state provided the best overall agreement with the data, while at the same time demonstrating the new ability to perform enormous kinetic studies that were previously unmanageable.
IV. Blaze-II Gain and Power Predictions
Blaze-II was used with the 98 reaction set to model current ElectricOIL gain and power data as a function of I 2 flow rate and mirror reflectivities. All of the simulations discussed in this section are premixed calculations where the injected flows are discontinuously added at the injection location and the computation is then continued as fully mixed. For the flow conditions discussed above with an RF power of 450 W, the predicted O 2 (a) yield as a function of distance from the discharge exit is shown in Fig. 17 for three different I 2 flow rates. There are four interesting features that are observed in Fig. 17 absorption) is observed between the I 2 injection location and the N 2 injection location, which is due to the I*+O quenching that ultimately reduces both the I* and O 2 (a) concentrations. There is a sudden rise in gain when the cold N 2 is injected, which is a consequence of the pumping Reaction (32) favoring colder temperatures; note that the gain then lowers as heat is transferred from the warmer wall to the cooler flow between N 2 injection position and the nozzle throat (Blaze II includes a first order wall heat transfer term). Downstream of the throat the gain increases significantly in the supersonic cavity, Fig. 19 . For I 2 flow rates of 0.008, 0.014, and 0.036 mmol/s the peak gain in the nozzle is predicted to be approximately 0.0080 %/cm, 0.0106 %/cm, and 0.0158 %/cm, respectively. As shown in Fig. 19 , the prediction of gain for both the 0.008 mmol/s of I 2 and the 0.036 mmol/s of I 2 cases are in reasonably good agreement with the measured gains 31 of 0.0067 %/cm and 0.015 %/cm, respectively, for these conditions.
Power predictions from Blaze are compared with measured data 31 in Fig. 20 . Clearly Blaze is overpredicting the power. The Blaze calculation assumes mirrors that are the size of the flow channel, however, the experiments used 1" diameter optics with a 0.75" diameter opening that is smaller than the physical flow channel at the lasing position. As such, the Blaze calculations were adjusted lower to account for lasing in only a portion of the flow channel, however the simulation still significantly over predicts the measured power. We are presently uncertain as to why the gain is being predicted with reasonable accuracy, yet the power is not; we are investigating this issue.
V. Concluding Remarks
Recent studies with the ElectricOIL system where the O 2 (a 1 Δ) was produced in a flowing electric discharge, have demonstrated O 2 (a 1 Δ) yields greater than 15%, positive gain, and cw laser power. To better understand the post-discharge physics, premixed calculations were performed using the generic gas laser model Blaze-II. Blaze-II was adapted to allow the multiple sections/injection-points of reactants used by ElectricOIL, and was optimized to allow large parametric studies. The Blaze-II kinetic mechanism was significantly updated and now includes 98 reactions and 27 species.
Simulations were run with the updated Blaze-II model and compared with experimental data; many of the trends in the data were modeled reasonably well, but simulations with high NO 2 flow rates were dramatically different. We believe that these simulations did not properly represent the concentration of atomic oxygen in the flow tube principally as a result of using premixed flow calculations rather than mixing simulations. The mixing model is presently being updated to perform the multiple section calculations, so to test the hypothesis that atomic oxygen was not being properly represented the simulations were rerun with the yield of atomic oxygen increased by different factors. It was found that using 300% of experimental atomic oxygen yield allowed modeling results to provide better agreement with experimental data for I * , O 2 (a 1 Δ), and O 2 (b 1 Σ) concentrations, and gain at the diagnostic port as a function of discharge power and NO 2 flow rate. We believe that a more accurate understanding of the discharge production of atomic oxygen, kinetic rates, and most importantly the use of a mixing model will improve the accuracy of future Blaze-II calculations in this respect.
Blaze-II was used with the 98-reaction set to model current ElectricOIL gain and power data as a function of I 2 flow rate and mirror reflectivities. Atomic oxygen yield in the simulated ElectricOIL conditions was estimated to be 0.10 mmol/s at 450 Watts of RF power using an NO 2 titration experiment. For the I 2 = 0.008 and 0.036 mmol/s cases, the gain of in the supersonic cavity was modeled well by Blaze-II, however the predicted power were significantly lower. We are presently uncertain as to why the gain is being predicted with reasonable accuracy, yet the power is not; we are investigating this issue.
Overall the Blaze II model appears to be predicting many of the observed qualitative trends that have been measured, and several quantitative comparisons to data are reasonable. However, it is clear that improvements can be made with the modeling. We believe one factor that will add significantly to the accuracy of the predictions is to perform mixing simulations rather than the premixed calculations that were run in this study; the mixing model is presently being updated. Improvements in the knowledge of the kinetics will likely also play a crucial role in improved modeling of the system.
